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(54) Electron tube

(57) The present invention relates to an electron
tube having a configuration which can maintain its op-
erating stability for a long period of time. The electron
tube comprises, at least, a field emitter which is made
of diamond or a material mainly composed of diamond
and has a surface terminated with hydrogen, and a
sealed envelope for accommodating the diamond field

Fig.2

emitter. Due to the hydrogen termination, the electron
affinity of the diamond field emitter is set to a negative
state. Also, hydrogen is enclosed within the sealed en-
velope. Due to this configuration, the hydrogen-termi-
nated state of the diamond field emitter surface is sta-
bilized, and the electron affinity of the diamond emitter
is restrained from changing for a long period of time.
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Description

BACKGROUND OF THE INVENTION

Field of the Invention

The present invention relates to an electron tube
and, in particular, to an electron tube equipped with a
field emitter.

Related Background Art

As a field emitter which is an electron beam source
used for electron tubes, hot-cathode type and field-
emission type have conventionally been known. Re-
cently, field-emission type electron sources have been
attracting a greater deal of attention due to their high
electron emission density. In general, a semiconductor
such as Si, or a high-melting point metal such as Mo or
W has been used as a material for such a field emitter.
Recently, an electron tube equipped with a field emitter
made of diamond or a material mainly composed of dia-
mond has been proposed, for example, in EP-
B1-0523494 and Japanese Patent Application Laid-
Open No. 7-29483.

Fig. 1 is a cross-sectional view showing a configu-
ration of an electron tube equipped with a field emitter
made of diamond with (111) crystal plane, which is dis-
closed in EP-B1-0523494 mentioned above. As depict-
ed, this electron tube comprises, at least, a field emitter
(electron source) 110 disposed on a substrate 100; an
anode 130 opposing the field emitter 110; and a control
electrode 120, disposed between the field emitter 110
and the anode 130, for controlling the emission of elec-
trons from the field emitter 110 to the anode 130 by ad-
justing a voltage which is set therefor. The field emitter
110 extends toward the anode 130 to form a tip portion
111 from which electrons at Fermi level are emitted to-
ward the anode 130. From voltage sources 141, 142,
and 143, predetermined voltages are applied to the sub-
strate 100, control electrode 120, and anode 130, re-
spectively.

SUMMARY OF THE INVENTION

Having studied the conventional field emitter such
as that mentioned above, the inventors have found the
following problems.

Diamond field emitters thus attract considerable at-
tention due to the fact that the difference between the
energy at the bottom of conduction band and the energy
at vacuum level is small in diamond. In particular, when
uncombined carbon atoms in the outermost surface
thereof are terminated with hydrogen (H,), the value ob-
tained when the energy at the bottom of conduction
band is subtracted from the energy at vacuum level, i.
e., electron affinity, becomes zero or negative, thus
yielding so-called negative electron affinity (NEA).
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On the other hand, since a field emitter has a taper
form with a higher emission current density at its tip, it
typically generates a large amount of Joule heat. Ac-
cordingly, in the case of a diamond field emitter, even
when its surface is terminated with hydrogen, hydrogen
may be desorbed therefrom upon the above-mentioned
heat. Further, after the desorption of hydrogen, the sur-
face of the field emitter may absorb molecules other
than hydrogen. Accordingly, such a field emitter may
continuously change its electron affinity, and may not
always attain zero electron affinity. Such a change in
state is intrinsically problematic in terms of operating
stability of the electron tube. Also, it yields a serious
problem in terms of performances of the field emitter
since the electron emission efficiency may greatly de-
crease upon a change in its state.

Therefore, an object of the present invention is to
provide an electron tube having a configuration which
can maintain its operating stability for a long period of
time.

The electron tube according to the present inven-
tion comprises, at least, an electron beam source for
emitting an electron at Fermi level by a tunnel effect; an
anode for receiving the electron emitted from the elec-
tron beam source; and a sealed envelope for accommo-
dating, at least, the electron beam source and anode.

In particular, the electron beam source is made of
diamond or a material mainly composed of diamond,
and has a surface terminated with hydrogen. Also, hy-
drogen is enclosed within the sealed envelope. Due to
this configuration, the field emitter surface is always set
to a predetermined negative electron affinity.

In this electron tube, from the viewpoint of electron
emission efficiency, the electron beam source is prefer-
ably a field emitter made of polycrystalline diamond.

In the electron tube according to the present inven-
tion, the partial pressure of hydrogen enclosed within
the sealed envelope is preferably within the range of 1
X 10610 1 X 108 torr. When the hydrogen partial pres-
sure is set within this range, more stable operations can
be secured. Namely, when the hydrogen partial pres-
sure is higherthan 1 X 10-3torr, discharge is more likely
to occur within the electron tube. When the hydrogen
partial pressure is lower than 1 X 107® torr, on the other
hand, it takes a very long time for hydrogen to be ab-
sorbed again by the polycrystalline diamond field emitter
surface after being desorbed therefrom, whereby other
remaining molecules within the electron tube are more
likely to be absorbed by the polycrystalline diamond field
emitter surface, thus losing the effects obtained by hy-
drogen enclosed therein.

The field emitter in the electron tube according to
the present invention preferably has a form tapering to-
ward the anode. In this case, electrons are emitted from
the tip of the field emitter, thus yielding a high electron
emission density. The electron tube according to the
present invention may comprise a plurality of field emit-
ters each having a form tapering toward the anode.
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Thesefield emitters may be two-dimensionally arranged
with predetermined intervals on a plane opposing the
anode.

In the electron tube according to the present inven-
tion, the anode may include a fluorescent screen which
emits light when the electron emitted from the electron
beam source is incident thereon. When such a fluores-
cent screen and a plurality of field emitters two-dimen-
sionally disposed on a predetermined plane are com-
bined together, two-dimensional information can be dis-
played as well.

In this configuration, a plurality of control electrodes
may be disposed between the individual field emitters
and the anode so as to correspond to the respective field
emitters. Also, a focusing electrode may be disposed
between each control electrode and the anode so as to
correspond to each field emitter.

The "“field emitter" used herein refers to an electron
beam source (field-emission type electron source)
which emits electrons at Fermi level by a tunnel effect.
Accordingly, it is intrinsically different from a photocath-
ode that is an electrode for emitting photoelectrons
which have been excited to a conduction band from a
valence band by incident light.

The present invention will be more fully understood
from the detailed description given hereinbelow and the
accompanying drawings, which are given by way of il-
lustration only and are not to be considered as limiting
the present invention.

Further scope of applicability of the present inven-
tion will become apparent from the detailed description
given hereinafter. However, it should be understood that
the detailed description and specific examples, while in-
dicating preferred embodiments of the invention, are
given by way of illustration only, since various changes
and modifications within the spirit and scope of the in-
vention will be apparent to those skilled in the art from
this detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a sectional view showing a configuration of
a conventional electron tube equipped with a field
emitter made of monocrystal diamond,;

Fig. 2 is a sectional side view schematically show-
ing the configuration of a first embodiment of the
electron tube according to the present invention;
Fig. 3 is an energy band diagram for explaining a
process in which an electron is emitted from a field
emitter,;

Fig. 4 is an energy band diagram for explaining a
process in which photoelectrons are emitted from a
Csl photocathode;

Fig. 5 is an energy band diagram for explaining
process in which photoelectrons are emitted from a
NEA photocathode;

Figs. 6-10 are views schematically showing proc-
esses for making the field emitter according to the
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present invention, respectively;

Fig. 11 is a sectional side view schematically show-
ing the configuration of a second embodiment of the
electron tube according to the present invention;
Fig. 12 is a sectional side view schematically show-
ing the configuration of a third embodiment of the
electron tube according to the present invention;
and

Fig. 13 is a perspective view schematically showing
the configuration of a display device in which a plu-
rality of elements each having the triode configura-
tion shown in Fig. 4 are two-dimensionally ar-
ranged.

DETAILED DESCRIPTION OF THE PREFERRED

EMBODIMENTS

In the following, preferred embodiments of the
present invention will be explained in detail with refer-
ence to Figs. 2 to 13. In the drawings, parts identical or
equivalent to each other will be referred to with marks
identical to each other.

Fig. 2 is a sectional side view schematically show-
ing the configuration of a first embodiment of the elec-
tron tube according tothe present invention and, in order
to explain its basic operations, relative arrangement of
its electric system and parts corresponding to a single
pixel.

As shown in Fig. 2, the electron tube according to
the first embodiment has a diode configuration. Namely,
in a sealed envelope 1, a field emitter 11 with a pointed
tip is disposed on a conductive platform 10. A film-like
phosphor 21 (fluorescent screen), as an anode, is dis-
posed on a conductive transparent film 2 on a glass
faceplate 20 so as to oppose the tip of the field emitter
11. Preferably, the field emitter 11 is made of polycrys-
talline diamond, and its electron affinity may become
negative in response to its surface state. In order to ap-
ply a positive high voltage to the phosphor 21 with re-
spect to the field emitter 11, a DC power source 30 is
connected between the platform 10 and the conductive
transparent film 2 through electric leads 40. Further, in
this embodiment, hydrogen is enclosed within the
sealed envelope 1, whereby the surface of diamond
constituting the field emitter 11 is terminated with hydro-
gen 12. Consequently, the surface of the field emitter 11
exhibits a negative electron affinity. Preferably, the par-
tial pressure of hydrogen within the sealed envelope 1
is such that no discharge is generated by hydrogen
therein, e.g., 1 X 10-3 torr or less, but at least 1 X 106
torr in order to maintain the surface state of the field
emitter 11.

When a predetermined voltage is applied to the field
emitter 11 from the DC power source 30, an electron (e7)
at Fermi level is emitted, due to a tunnel effect, from the
tip of the field emitter 11 into a hydrogen-containing low-
pressure atmosphere. Here, the electron is easily emit-
ted since the diamond surface terminated with hydrogen
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12 has a low work function. When this electron is made
incident on the phosphor 21 to which a positive voltage
is applied with respect to the field emitter 11, the phos-
phor 21 emits light.

Here, it should be note that the field emitter accord-
ing to the present invention is essentially different from
a photocathode. A device known in general as field emit-
ter is a device which emits a Fermi-level electron into a
vacuum (in a vacuum space where the field emitter is
disposed) through a tunnel effect, as shown in Fig. 3,
when a strong electric field (>108 V/cm) is applied to a
surface of a metal or semiconductor. Namely, as can be
seen from Fig. 3, the emitted electron is a Fermi-level
electron and not a so-called photoelectron which is an
electron excited from a valence band to a conduction
band. Here, Fig. 3 is an energy band diagram for ex-
plaining a process in which an electron is emitted from
the field emitter. By contrast, as shown in Figs. 4 and 5,
for example, a photocathode is an electrode which emits
into a vacuum a photoelectron which is excited from a
valence band to a conduction band by incident light. It
is essentially different from the field emitter that emits
into a vacuum the Fermi-level electron through a tunnel
effect. Also, in the photocathode, a strong electric field
on the surface is not always necessary. For the photo-
cathode, field-emitted electrons generated by a strong
electric field may become dark current and rather dete-
riorate its performance. Figs. 4 and 5 are energy band
diagrams for explaining processes in which photoelec-
trons are emitted from an Csl and NEA photocathodes,
respectively.

Here, a large amount of Joule heat is generated at
the tip of the field emitter 11 since the emission current
density is very high there. Consequently, in the field
emitter 11 of this embodiment, hydrogen 12 absorbed
by the tip surface is in a state where it is likely to be
desorbed. After hydrogen 12 is desorbed therefrom,
residues other than hydrogen in the sealed envelope 1
may be absorbed by the tip of the field emitter 11. When
the electron emitted from the tip of the field emitter 11 is
made incident on the phosphor 21 while being acceler-
ated, molecules and the like absorbed by the phosphor
21 may be ionized and released into the inner space of
the sealed envelope 1, thereby being absorbed by the
surface of the tip of the field emitter 11. Phenomena
such as those mentioned above are problems inherent
in electron tubes which utilize field-emission. When ab-
sorption or desorption occurs at the tip surface of the
field emitter 11, its work function changes, whereby the
electron emission efficiency of the field emitter 11
changes as well.

In the electron tube according to the present inven-
tion, unlike the conventional electron tube (Fig. 1), a pre-
determined pressure of hydrogen is enclosed within the
sealed envelope 1. For example, in the case where hy-
drogen with a partial pressure of 1 X 10 torr is en-
closed within the sealed envelope 1, thus enclosed hy-
drogen impinges on the surface of the field emitter 11 at
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a frequency of about 1.4 X 1016 pieces/(cm?2 . second).
In general, the outermost layer of a solid has an atom
density of about 1 X 101® pieces/cm2. Accordingly,
when hydrogen 12 terminating the surface of the field
emitter 11 is desorbed therefrom due to the Joule heat
generated by electron emission, the surface is terminat-
ed again with enclosed hydrogen within about 0.1 sec-
ond. Also, in the case where ions generated when elec-
trons are made incident on the molecules remaining
within the sealed envelope 1 or the phosphor 21 are ab-
sorbed by the diamond surface, they are substituted by
hydrogen which exists within the sealed envelope 1 in
a relatively large amount. Namely, the surface of the
field emitter 11 is constantly terminated with hydrogen,
whereby its work function is unchanged. Thus, in the
field emitter, a stable emission current density is effi-
ciently obtained. Here, it is preferable that parts such as
phosphor used in this embodiment do not substantially
emit gas under a reduced pressure.

A method of making such a field emitter will be ex-
plained with reference to Figs. 6 to 10. These drawings
are views schematically showing processes for making
the field emitter according to the present invention, re-
spectively.

First, as shown in Fig. 6, a polycrystalline diamond
film having a thickness of about 20 um is formed on an
Si(100) substrate by microwave plasma CVD technique.
In this case, methane gas (CH,) + hydrogen (H,) is used
as a material gas, and the diamond film is formed under
the condition where microwave output is 1.5 kW, pres-
sure is 50 torr, and film-forming temperature is 850°C.

Though microwave plasma CVD is used for forming
the polycrystalline film in this case, the present invention
is not essentially restricted in terms of the film-forming
method. For example, hot filament CVD technique and
the like may be used.

Next, as shown in Fig. 7, photoresist is applied to
the whole surface of polycrystalline diamond. Then, as
shown in Fig. 8, while circular portions each having a
diameter of about 10 um are left by means of a prede-
termined photomask, the remaining portions of photore-
sist are eliminated.

Further, the resulting product is dry-etched by an
ECR plasma etching apparatus. Since etching is effect-
edin an isotropic manner, the portions under the remain-
ing photoresist are left in the form of protrusions as
shown in Fig. 9. Here, the form and interval of protru-
sions and the like can be accurately controlled by the
polycrystalline diamond film thickness, mask form, etch-
ing time, and the like.

Finally, the remaining photoresist is eliminated,
whereby the field emitter 11 such as that shown in Fig.
10 is formed.

Also, in order to make display devices each having
a pixel with a diode configuration, the following proce-
dure is taken. First, field emitters 11 having uniform
shapes (formed by the foregoing process) are two-di-
mensionally arranged on the platform 10. Also, the
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phosphor 21 (fluorescent screen) is disposed on the
conductive transparent film 2 on the glass faceplate 20.
Subsequently, the platform 10, on which a plurality of
field emitters 11 are mounted, is disposed within the
sealed envelope 1. Also, it is made to oppose the tip
portion of the field emitter 11 from which electrons are
emitted. In this state, after the sealed envelope 1 is
evacuated till the pressure therein becomes 1 X 108
torr or lower, a predetermined pressure of hydrogen is
introduced therein.

The electron tube according to the present inven-
tion should not be limited to the one having a diode con-
figuration such as that mentioned above. In a second
embodiment of the electron tube according to the
present invention, unlike the first embodiment (Fig. 2),
a triode configuration is employed. Fig. 11 is a view
schematically showing the configuration of the electron
tube according to the second embodiment. In the sec-
ond embodiment, unlike the diode configuration, a ring-
shaped gate electrode 14 is disposed on a ring-shaped
insulating film 13 which is mounted on the platform 10
s0 as to surround the field emitter 11 within the sealed
container 1. Also, in order to apply a positive voltage to
the gate electrode 14 with respect to the field emitter 11,
a DC power source 31 is further connected between the
gate electrode 14 and the platform 10 through electric
leads 40. In such a configuration, when a predetermined
voltage is applied to the gate electrode 14, electrons
emitted from the field emitter 11 are controlled by the
gate electrode 14. Also, as with the first embodiment,
hydrogen with a partial pressure within the range of 1 X
106 to 1 X 10-3 torr is enclosed within the sealed enve-
lope 1 in the second embodiment. Accordingly, the
emission current at the tip of the field emitter 11 having
a hydrogen-terminated surface is controlled by the gate
electrode 14, thus yielding more stable operations.

A third embodiment of the electron tube according
to the present invention has a tetrode configuration in
which aring-shaped focusing electrode 15 is further dis-
posed on a ring-shaped insulating film 150 on the gate
electrode 14 in the triode configuration of the second
embodiment. Fig. 12 is a view schematically showing
the configuration of the electron tube according to the
third embodiment. In the third embodiment, unlike the
triode configuration, the ring-shaped focusing electrode
15 is disposed on the insulating film 150 on the gate
electrode 14. In order to apply a negative voltage to the
focusing electrode 15 with reference to the gate elec-
trode 14, a DC power source 32 is further connected
between the focusing electrode 15 and the gate elec-
trode 14 through electric leads 40.

In such a configuration, when a predetermined volt-
age is applied to the focusing electrode 15, electrons
emitted from the field emitter 11 are converged by the
focusing electrode 15. Also, as with the first and second
embodiments, hydrogen with a partial pressure within
the range of 1 X 10®to 1 X 103 torr is enclosed within
the sealed envelope 1 in the third embodiment. Thus,
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after the emission current at the tip of the field emitter
11 having a hydrogen-terminated surface is controlled
by the gate electrode 14, electrons are converged by
the focusing electrode 15, whereby crosstalk between
individual pixels can be efficiently suppressed. Accord-
ingly, the electron tube according to the third embodi-
ment can realize a high-resolution display with very sta-
ble operations.

In a display device 50 shown in Fig. 13, a plurality
of elements each having the triode configuration of the
second embodiment, for example, are arranged two-di-
mensionally. Namely, a phosphor 21 is disposed so as
to oppose the tips of a plurality of field emitters 11. Also,
each element has its corresponding switching circuit.
The display device 50 is accommodated in a sealed en-
velope in which hydrogen is enclosed under a reduced
pressure state.

In order to emit an electron from a given element,
e.g., the field emitter 11 corresponding to a pixel whose
address is X3Y» as shown in Fig. 13, its corresponding
switching circuit is driven by a control unit 500 so as to
apply a predetermined voltage between the gate elec-
trode 14 and field emitter 11 in this pixel. The electron
emitted from this field emitter 11 impinges on the phos-
phor 21 at a specific position, whereby light is emitted
at this position. Thus, the display device 50 equipped
with such field emitter 11 can operate with an excellent
stability.

Though the display device 50 shown in Fig. 13 has
a triode configuration with no focusing electrode, each
pixel may also have a diode or tetrode configuration. Al-
s0, the driving system for display may be a time-division
dynamic driving system, without being restricted to a
static driving system.

In the first to third embodiments, the field emitter is
made of hydrogen-terminated diamond as explained in
the foregoing. The present invention should not be re-
stricted thereto, however. Namely, the present invention
is applicable to all kinds of field emitters whose surface
can yield a negative electron affinity with a fixed work
function when constantly terminated with hydrogen, by
which they can operate efficiently and stably. For exam-
ple, it is needless to mention that sufficient effects can
also be obtained in those mainly composed of carbon-
based materials, i.e., diamond-like carbon, glassy car-
bon, and the like.

Also, the display device mentioned in the foregoing
embodiments may be formed like a two-dimensional flat
display device, and is applicable to one-dimensional lin-
ear display devices. Further, when the phosphor can
emit color light components of R, G, and B, a color dis-
play device can be made.

In the electron tube according to the present inven-
tion, as a predetermined pressure of hydrogen is en-
closed therewithin, the surface of a field emitter made
of diamond or the like is constantly terminated with hy-
drogen. Consequently, the electron affinity of the sur-
face of the field emitter is maintained at a negative level.
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Accordingly, the electron tube equipped with this field
emitter can operate efficiently and stably for a long pe-
riod of time. Namely, the electron tube is expected to
have a longer life.

From the invention thus described, it will be obvious
that the invention may be varied in many ways. Such
variations are not to be regarded as a departure from
the spirit and scope of the invention, and all such mod-
ifications as would be obvious to one skilled in the art
are intended for inclusion within the scope of the follow-
ing claims.

The basic Japanese Application No. 270786/1996
filed on October 14, 1996 is hereby incorporated by ref-
erence.

Claims
1.  An electron tube comprising:

an electron beam source for emitting an elec-
tron by an electric field, said electron beam
source being made of diamond or a material
mainly composed of diamond, said electron
beam source having a surface terminated with
hydrogen;

an anode for receiving the electron emitted
from said electron beam source; and

a sealed envelope for accommodating, at least,
said electron beam source and anode, said
sealed envelope enclosing hydrogen therein.

2. An electron tube according to claim 1, wherein hy-
drogen enclosed within said sealed envelope has a
partial pressure within the range of 1 X 106to 1 X
103 torr.

3. An electron tube according to claim 1, wherein said
electron beam source is made of polycrystalline dia-
mond.

4. An electron tube according to claim 1, wherein said
electron beam source includes a field emitter hav-
ing a form tapering toward said anode.

5. An electron tube according to claim 4, further com-
prising a control electrode for controlling the elec-
tron emitted from said field emitter, said control
electrode being disposed between said field emitter
and said anode.

6. An electron tube according to claim 5, further com-
prising a focusing electrode for converging an orbit
of the electron emitted from said field emitter, said
focusing electrode being disposed between said
field emitter and said control electrode.

7. An electron tube according to claim 1, wherein said
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10.

11.

electron beam source comprises a plurality of field
emitters each having a form tapering toward said
anode, said plurality of field emitters being arranged
with a predetermined interval on a surface opposing
said anode.

An electron tube according to claim 7, further com-
prising a plurality of control electrodes disposed be-
tween said plurality of field emitters and said anode,
said plurality of control electrodes being respective-
ly positioned so as to correspond to said plurality of
field emitters and functioning so as to control elec-
trons emitted from said field emitters corresponding
thereto.

An electron tube according to claim 8, further com-
prising a plurality of focusing electrodes, said plu-
rality of focusing electrodes being positioned so as
to correspond to said plurality of field emitters and
functioning so as to converge orbits of electrons
emitted from said field emitters corresponding
thereto.

An electron tube according to claim 1, wherein said
anode includes a fluorescent screen which emits
light when the electron emitted from said electron
beam source is incident thereon.

An electron tube including a diamond field emitter
coated with an element that provides negative elec-
tron affinity, the tube containing a gas of the element
at a low pressure to stabilize the element coating
on the field emitter.
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